Background/Aims: Sulforaphane (SFN) is known for its potent bioactive properties, such as anti-inflammatory and anti-tumor effects. However, its anti-tumor effect on pancreatic cancer is still poorly understood. In the present study, we explored the therapeutic potential of SFN for pancreatic cancer and disclosed the underlying mechanism. Methods: Panc-1 and MiaPaca-2 cell lines were used in vitro. The biological function of SFN in pancreatic cancer was measured using EdU staining, colony formation, apoptosis, migration and invasion assays. Reactive oxygen species (ROS) production was measured using 2'-7'-Dichlorofluorescein diacetate (DCF-DA) fluorometric analysis. Western blotting and immunofluorescence were used to measure the protein levels of p-AMPK and epithelial-mesenchymal transition (EMT) pathway-related proteins, and cellular translocation of nuclear factor erythroid 2-related factor 2 (Nrf2). Nude mice and transgenic pancreatic cancer mouse model were used to measure the therapeutic potential of SFN on pancreatic cancer. Results: SFN can inhibit pancreatic cancer cell growth，promote apoptosis, curb colony formation and temper the migratory and invasion ability of pancreatic cancer cells. Mechanistically, excessive ROS production induced by SFN activated AMPK signaling and promoted the translocation of Nrf2, resulting in cell viability inhibition of pancreatic cancer. Pretreatment with compound C, a small molecular inhibitor of AMPK signaling, reversed the subcellular translocation of Nrf2 and rescued cell invasion ability. With nude mice and pancreatic cancer transgenic mouse, we identified SFN could inhibit tumor progression, with smaller tumor size and slower tumor progression in SFN treatment group. Conclusion: Our study not only elucidates the mechanism of SFN-induced inhibition of pancreatic cancer in both normal and high glucose condition, but also testifies
Introduction
Pancreatic cancer is a lethal tumor characterized by early metastasis and a high recurrence rate, with a dismal 5-year survival rate of less than 8% [1] [2] [3] . Unlike many other cancers, patients remain almost symptomless in the early stage of this disease. Despite the great progress has been made in the last decades, surgical intervention remains the optimal treatment option. However, once diagnosed, patients with pancreatic cancer usually lose the opportunity to undergo radical surgery. Chemotherapy, a common therapy for these patients with late-stage pancreatic cancer, usually has little effect as a result of serious side effects and low sensitivity. With the increasing incidence of pancreatic cancer, it will be considered the leading cause of cancer-related deaths in America by 2050 [4] . Therefore, identifying new drugs or therapeutic treatments to address this troublesome disease is urgently needed.
Epidemiologic studies indicate that hyperglycemia is an important risk factor for pancreatic cancer [5, 6] . Additionally, about 45-60% of patients with pancreatic cancer suffer from diabetes [7] . Patients using antidiabetics is associated with reduced pancreatic cancer risk [8, 9] . Recent studies conducted by our team have revealed that hyperglycemia can not only promote cell migration and proliferation but also potentiate the perineural invasion of pancreatic cancer, a new path for cancer metastasis. In addition, chronic hyperglycemia can exacerbate the desmoplastic reaction through elevating the expression of CXCL12, FOS, and LTBP2, which will then activate pancreatic stellate cells [10] .
Sulforaphane (SFN, 4-methylsufinyl-3-butenyl isothiocyanate), an isothiocyanate, is known for its potent role in cancer therapy. SFN is widely found in cruciferous vegetables, such as broccoli, Chinese kale, turnips and cabbage. Previous studies have indicated that SFN has many biological properties, including anti-oxidant, anti-inflammatory, and anti-bacterial effects [11, 12] . SFN has been found to act as a tumor suppressor in many different cancers during cancer progression, including oral, breast, liver, colon, and prostate cancers [13] [14] [15] [16] . In addition, it has been demonstrated that SFN has the ability to prevent carcinogen-induced initiation of oral cancer [14] . Inducing apoptosis and cell cycle arrest are the main factors attributed to the anti-cancer capabilities of SFN. Recently, researchers revealed that SFN can also promote the immune response in a mouse model of leukemia through enhancing the activities of macrophages and natural killer cells [17] . In pancreatic cancer, SFN can downregulate the proliferation and angiogenesis of pancreatic stem cells by inhibiting the sonic hedgehog signaling pathway [18, 19] . SFN can inhibit pancreatic tumour-initiating cells through NK-κB-induced antiapoptotic signaling [20] . Moreover, synergistic activity of sorafenib and SFN may be an effective choice for targeting pancreatic cancer stem cells [21] . Currently, little is known about the biological role of SFN in high glucose-induced promotion of pancreatic cancer.
In this article, we aim to explore the role of SFN in the biological progression of pancreatic cancer under normal glucose or high glucose conditions. We not only demonstrate the unfavorable role of SFN in pancreatic cancer cells cultured in normal glucose medium but also show that SFN can impair tumor progression under high glucose conditions. The AMPK signaling pathway, an important pathway in cell metabolism, is confirmed to be essential in this process. Inhibition of AMPK phosphorylation by a small molecular inhibitor dramatically reduces the anti-cancer effect of SFN.
Materials and Methods
Cell culture and reagents Panc-1 and MiaPaca-2, two different pancreatic cancer cell lines, were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Human Umbilical Vein Endothelial Cells (HUVECs) were kindly provided by Dr. Chang Liu (Medical College, Xi'an Jiaotong University). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Gibco BRL Co. Ltd., USA) supplemented with 10% heatinactivated fetal bovine serum (FBS), 100 μg/ml streptomycin and 100 U/ml ampicillin at 37°C under 5% CO 2 and 95% air. SFN and compound C were purchased from Sigma (St. Louis, MO, USA). Antibodies used in this study were purchased from Cell Signaling Technology. 2'-7'-Dichlorofluorescein diacetate (DCF-DA) was purchased from Beyotime Biotechnology. Dimethyl sulfoxide (DMSO) and 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) were obtained from Sigma.
MTT assay
A total of 5×10 3 cells per well were seeded in a 96-well plate and cultured in 10% FBS medium. The next day, the cells were starved with 1% FBS medium for approximately 12 hours and then treated in 10% FBS medium containing different concentrations of SFN or glucose. At the indicated time points (24, 48 , and 72 hours), 20 μl of MTT solution (5 mg/ml dissolved in phosphate-buffered saline, PBS) was added to each well. After the cells were incubated for approximately 4 hours at 37°C, they were retreated with 200 μl of DMSO. Ten minutes later, the optical density (OD) value at 490 nm was detected using a microplate reader (BIO-TEC Inc, VA). 
Apoptosis assay

Colony formation assay Briefly, 1×10
3 cells were evenly seeded in a 60-mm dish and cultured overnight to allow cells to adhere. Then, the cells were treated with a different intervention culture medium containing 10% FBS. Two days later, the medium was replaced with drug-free medium. Ten days after the cells were seeded, colonies formed. After the cells were washed twice with PBS, they were fixed with 4% paraformaldehyde and further stained with 0.1% crystal violet staining solution. Images were collected with a Nikon camera, and the colony number was counted.
Cell migration and invasion assays
Cell migration was assessed by a wound-healing assay. Cancer cells were pretreated with SFN under low or high glucose conditions and then scratched using a 200 μl pipette tip. Then, the cells were washed with PBS 3 times and cultured in serum-starved medium. Images were taken with a microscope (Nikon Instruments Inc.). A Matrigel Transwell assay was used to test cell invasion ability as described in the previous study [22] . Chambers were pre-coated with Matrigel (BD Biosciences, USA). Approximately 5×10 4 cells were pretreated with SFN under low or high glucose conditions, resuspended in 200 μl of serumstarved medium and seeded into the upper chamber. Then, 500 μl of DMEM culture medium containing 10% FBS was added to the lower chamber. After 24 h, the cells were washed with PBS 3 times, fixed with 4% paraformaldehyde, and stained with crystal violet. Images were taken at a magnification of 200×.
Western blotting
Cells were harvested and lysed in RIPA lysis buffer containing protease and phosphatase inhibitors. Total protein was electrophoresed in a 10% SDS-PAGE gel and then transferred to PVDF membranes, which were then blocked with 10% milk in PBST. The membranes were incubated with specific primary antibodies overnight at 4°C. After the membranes were washed with PBST, they were incubated with HRP-conjugated secondary antibodies for 2 hours at room temperature and then washed three times again. Immunoreactive bands were visualized using an enhanced chemiluminescence kit. Images were captured by a ChemiDoc XRS imaging system (Bio-Rad, USA).
Detection of intracellular Reactive oxygen species (ROS)
Intracellular ROS was measured using a Reactive Oxygen Species Assay Kit. After the cells were washed with PBS, they were pretreated with SFN under low or high glucose conditions and then incubated with 10 μM DCF-DA in serum-starved DMEM for approximately 30 minutes. Cells were then washed 3 times with PBS and lysed with 1 ml of PIPA buffer. ROS production was then analyzed by fluorometric analysis at 510 nm. The final results were normalized to the total protein content.
Transgenic pancreatic cancer mouse and nude mice
Transgenic pancreatic cancer mouse was introduced as previous described [23] . 20 Kras Pdx1-Cre (KPC) mouse were randomly divided into 2 groups; Control group and SFN treatment group. SFN intervention group were administered with SFN at a dose of 50 mg/kg through intraperitoneal injection every other day. KPC mouse were monitored for up to 120 days and then were killed for sample collection. KC mouse were killed every month to show the pathological change. Fiveweek-old nude mice were randomly divided into three groups: control group, hyperglycemia group, and hyperglycemia plus SFN intervention group. Mice in the last two groups were injected with streptozotocin (150 mg/kg) intravenously to induce hyperglycemia. One week later, 1×10
6 Panc-1 pancreatic cancer cells were subcutaneously implanted on the right limb of mice. After one week, mice in the hyperglycemia and SFN intervention group were administered SFN at a dose of 50 mg/kg through intraperitoneal injection every other day. Tumor size was monitored every three days, and tumor size was calculated using the formula width 2 × length/2. At the end of our experiment, mice were weighed and euthanized, and tumor weights were measured. In addition, the tumors were then fixed in 4% paraformaldehyde, and immunohistochemical staining was performed.
Statistical analysis
All results are presented as the mean ± SD of multiple independent experiments. Student's t test was used to analyze the difference between two groups. A Kruskal-Wallis one-way ANOVA followed by Dunn's multiple comparison tests was used to analyze the difference among more than two groups. All statistical analyses were performed with GraphPad Prism 7. P < 0.05 was defined as statistically significant.
Results
SFN inhibits the proliferation of pancreatic cancer cells under both normal and high glucose conditions
We examined the effect of SFN on the proliferation of pancreatic cancer cells. Two different pancreatic cancer cell lines were treated with increasing concentrations of SFN, from 1 μM to 100 μM. HUVECs were selected as the normal control. Cell viability was assessed by MTT assay at different time points (24 h, 48 h, and 72 h). SFN inhibited the growth of pancreatic cancer cells in a time-and dose-dependent manner (Fig. 1A and 1B) . However, we did not observe any significant inhibitory effects on HUVECs at a concentration of less than 20 μM (Fig. 1C) . In this study, we selected 20 μM SFN for subsequent experiments.
Previous study found that hyperglycemia can accelerate the growth of pancreatic cancer. We further determined whether SFN can influence high glucose-induced promotion of the growth of pancreatic cancer cells. In our experiment, 25 mM glucose can greatly promote cell growth compared with 5.5 mM glucose (Fig. 1D and 1E) . However, this effect was reversed by SFN intervention (Fig. 1D and 1E) . We also used EdU staining to show these effects more intuitively ( Fig. 1F and 1G) . These results suggest that SFN can inhibit the proliferation of pancreatic cancer cells cultured in both low and high glucose media. 
SFN inhibits clone formation, apoptosis and migration of pancreatic cancer
We next determined the role of SFN on clone formation. A decreased number of colonies was found in SFN group, compared with the control group. When cells were cultured under high glucose conditions, the number of colonies increased significantly. However, this promotion effect was reversed by SFN treatment ( Fig. 2A and 2B) . We further estimated apoptotic cell death using flow cytometric analyses. As shown in Fig. 2C and 2D , a smaller 
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percentage of apoptotic cells was found in high glucose medium compared with that in low glucose medium. In addition, SFN could still greatly promote cell apoptosis, even in high glucose medium ( Fig. 2C and 2D ). Further, we found SFN inhibits the migratory ability of pancreatic cancer cells in both low and high glucose condition ( Fig. 2E and 2F ). These data suggest that SFN may be a very potent drug for pancreatic cancer.
SFN decreases cell invasion ability through ROS induced EMT
Cell invasion is the first step for cancer migration. Here, we explored the effect of SFN on the invasion ability of pancreatic cancer cells. The number of invading cells in the lower chamber decreased greatly when SFN was added, regardless of the glucose concentration in the medium (Fig. 3A and 3B) . EMT is related to cell invasion. We found that high glucose increased protein levels of mesenchymal markers, such as N-cadherin and vimentin. Meanwhile, decreased epithelial marker E-cadherin at protein level compared with normal glucose. In contrast, SFN clearly inhibited the mesenchymal markers and upregulated the epithelial markers (Fig. 3C and 3D) . Intracellular ROS plays an important role in cancer progression, especially in cancer invasion. Here, we found that high glucose conditions increased the intracellular level of ROS, while SFN dramatically boosted these effects ( Fig.  3E and 3F ). We wonder whether suppress ROS production could rescue cell invasion. Using N-acetylcysteine (NAC), cellular ROS production was reduced dramatically (Fig. 3G) . Meanwhile, the invaded cells number in NAC and SFN co-treatment group increased a lot compared with SFN group (Fig. 3H and 3I ). These findings indicate that SFN inhibits cell invasion likely through ROS-EMT pathway.
AMPK and Nrf2/HO-1 activation mediate SFN-induced suppression of pancreatic cancer cells in normal and high glucose media
SFN has been found to be a potent Nrf2 activator, so we detected the changes in Nrf2 expression in our experiment. Compared with the low glucose group, high glucose decreased the nuclear localization of Nrf2 and increased the cytoplasmic expression of Nrf2. In contrast, SFN treatment promoted the nuclear localization of Nrf2 in both normal and high glucose media, as confirmed by western blotting and immunofluorescence. The expression of the downstream target HO-1 was also strengthened by SFN intervention (Fig.  4A-4D ). Hyperglycemia-induced AMPK repression plays an important role in the promotion of pancreatic cancer. Here, we also verified that SFN can substantially activate the AMPK signaling pathway (Fig. 4E and 4F ). These findings suggest that AMPK signaling and Nrf2/ HO-1 signaling are involved in the protective effect of SFN in pancreatic cancer.
Inhibition of AMPK suppresses Nrf2 expression and rescues pancreatic cancer cell invasion ability
To further verify the role of AMPK signaling, we used compound C, a small molecular inhibitor of the AMPK signaling pathway, in subsequent experiments. As can be seen, 20 μM compound C obviously inhibited p-AMPK expression. The nuclear localization of Nrf2 was also weakened by compound C intervention, accompanied by increased cytoplasmic Nrf2 expression ( Fig. 5A and 5B). Pretreatment with compound C suppressed SFN-induced AMPK activation and Nrf2/HO-1 expression under high glucose conditions in both MiaPaca-2 and Panc-1 cells, suggesting that Nrf2/HO-1 may be a downstream target of AMPK signaling (Fig. 5C) . Next, we determined whether AMPK inhibition can rescue the invasion ability of the cells. As shown in Fig. 5D and 5E, the number of invading cells was reduced by SFN treatment. However, when cells were pretreated with compound C, the number of invaded cells significantly increased, although slightly less than the control group. (Fig. 6A-6C ). Moreover, we did not find any significant difference in the weight of mice in these three groups (data not shown).
Immunohistochemistry also revealed a lower or weaker expression of Ki-67 when SFN was administered. Consistent with our in vitro study, immunohistochemistry also showed weaker expression of p-AMPK in mice with diabetes mellitus, which was reversed by SFN. Nrf2 nuclear localization was also strengthened by SFN treatment in vivo (Fig. 6D) . These results imply that SFN may be a good choice for cancer therapy in vivo.
SFN suppresses tumor progression in transgenic pancreatic cancer mouse model
Genetically engineered pancreatic cancer mouse model can recapitulate the histopathological characteristics of PDAC in human patients. So it is a good choice to testify the therapeutic effect of cancer drugs. Here, we showed that SFN suppress PanIN lesions progression in KC mice at different time point (Fig. 7A) . Five months after SFN treatment, the pancreas weight in SFN group is much lower than control group (Fig. 7B) . We didn't find PDAC lesions in SFN group mouse (Fig. 7C) . However, 7% of the lesions in control group progressed into PDAC (Fig. 7C) . Meanwhile, we also find a less percent of PanIN 3 lesions in SFN group (Fig. 7C) . In KPC mouse, more ductal structure can be found in SFN group (Fig.  7D) . Mouse accepted SFN intervention have a longer survival in our experiment (Fig. 7E) . Moreover, the tumor weight is much lower in SFN group. These data suggest that SFN can suppress tumor progression and prolong cancer survival in vivo.
Discussion
Hyperglycemia has been regarded as both a risk factor and a consequence of pancreatic cancer, while the mechanism and therapy remain a challenge to resolve. In the current study, we showed for the first time that SFN can inhibit high glucose-induced pancreatic cancer progression. SFN treatment can not only inhibit cell proliferation and invasion but also induce cell apoptosis under high glucose conditions. Activation of AMPK signaling may be involved in SFN intervention, which further results in the translocation of Nrf2, leading to the reversion of EMT and suppression of pancreatic cancer growth. These data suggest that SFN may be an effective drug especially suited for patients with pancreatic cancer who are suffering from diabetes mellitus.
High glucose has a pernicious effect on normal human cells, inhibiting growth and inducing apoptosis [24] . However, in pancreatic cancer, we found that high glucose can exacerbate cell proliferation and invasion, while decreasing cell apoptosis. Traditional antipancreatic cancer drugs, such as gemcitabine and 5-fluorouracil, have a potent anti-cancer effect. However, these cancer drugs can also kill normal human cells, and their low specificity limits clinical application. In our study, we confirmed that SFN can substantially repress pancreatic cancer cell proliferation in a time-and concentration-dependent manner under normal or high glucose conditions, without (or with little) toxicity to normal human cells (HUVECs) at concentrations of less than 30 μmol/L, indicating that it is an ideal drug for cancer therapy.
Distant metastasis of pancreatic cancer, the main cause of cancer-related death and tumor recrudescence, which was traditionally thought to be a late event in cancer progression, has recently been confirmed to begin at a very early stage, even during tumor initiation [25] . Pancreatic cancer cells can secrete macrophage migration inhibitor abundant exosomes, which will be absorbed in the liver and create a fibrotic microenvironment to tempt distant metastasis [25] . Notable studies have discovered that a high glucose environment can promote liver, gastric, breast, and pancreatic cancer progression [26] . EMT endows cells with mesenchymal properties, which strengthen the invasive and migratory capacity of cells, and EMT is considered the first step in metastasis. In our study, we found enhanced invasive and migratory capabilities when cells were cultured in high glucose conditions, followed by EMT Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry progression. However, SFN intervention dramatically damaged cell invasive and migratory capabilities and inhibited EMT progression. ROS production is confirmed to play a vital role in cell invasion [27, 28] . Pancreatic cancer is characterized by an uncommonly strong desmoplastic reaction and poor vascular density, which means that a hypoxic microenvironment and ROS may play a large role in cancer progression. ROS are a double-edged sword; low to intermediate levels of ROS production may promote tumor initiation and progression, while excessive ROS can restrain cell viability, promote cell apoptosis, induce cell autophagy, and even trigger cell death. ROS induction currently has become a focus for anti-cancer drug design and application [29] . Here, increased ROS generation was detected when cells were cultured in a high glucose medium, which may account for the enhanced invasive ability. However, an extremely high level of ROS was detected in SFN-treated cells, likely resulting in cell death, apoptosis and decreased invasion.
The role of NRF2 in cancer development has been highly controversial [30] . It was reported that accumulation of Nrf2 in cancer cells creates an environment conducive for cell growth and protects against oxidative stress, chemotherapeutic agents, and radiotherapy (This phenomenon has been termed the "dark side of Nrf2") [31, 32] . However, the anticancer effect of NRF2 has also been observed. SFN, as an effective activator of NRF2, can inhibit carcinogenesis in many animal models. Reduced tumor incidence was found in wild type mice after SFN intervention, but not in NRF2 Knockout mice [33, 34] . In addition to direct anti-inflammatory effects mediated through NRF2 signaling, SFN may impair the redoxsensitive DNA binding and transactivation of the pro-inflammatory transcription factor NF-κB [35] . In this study, the anti-cancer effect of SFN in pancreatic cancer was confirmed by in vitro and in vivo experiments with transgenic pancreatic cancer mouse model. In any case, these are only laboratory evidence imply that SFN may be an effective drug especially suited for patients with pancreatic cancer who are suffering from diabetes mellitus.
It has been reported that SFN can combat cancer by multiple mechanisms, including induce Nrf2 activation [36] , epigenetic modulation of oncogenic MicroRNA-21 and human telomerase reverse transcriptase (hTERT) [37] , inhibition of histone deacetylase (HDAC) [38] and NF-κB [39] . However, its anti-tumor effect on pancreatic cancer, especially under high glucose conditions, has not been investigated. Our results indicated that SFN inhibited high glucose-induced progression of pancreatic cancer via inducing Nrf2 and AMPK activation. Whether other mechanisms were involved in the anti-cancer effect of SFN in pancreatic cancer need further study.
Conclusion
In summary, our present study demonstrated that SFN can effectively prevent the high glucose-induced malignant behavior of pancreatic cancer in vivo and in vitro. Excessive ROS production that further induces apoptosis and inhibits migration and invasion may account for this preventive effect. Oxidative stress caused by SFN triggered the subcellular localization of Nrf2, which is mediated by AMPK signaling, and was verified to play an important role in this process. Collectively, SFN may be an effective choice for pancreatic cancer therapy, especially for patients with hyperglycemia.
Abbreviations SFN (Sulforaphane); HUVECs (Human Umbilical Vein Endothelial Cells); LG (low glucose); HG (high glucose); EMT (epithelial-mesenchymal transition); Nrf2 (nuclear factor erythroid 2-related factor 2); DMSO (dimethyl sulfoxide); ROS (Reactive oxygen species); NAC (N-acetylcysteine); hTERT (human telomerase reverse transcriptase); HDAC (histone deacetylase).
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